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Origin and evolution of Petrocosmea
(Gesneriaceae) inferred from both DNA sequence
and novel findings in morphology with a test of
morphology-based hypotheses
Zhi-Jing Qiu1,2, Yuan-Xue Lu3, Chao-Qun Li1, Yang Dong1, James F. Smith4 and Yin-Zheng Wang1*
Abstract
Background: Petrocosmea Oliver (Gesneriaceae) currently comprises 38 species with four non-nominate varieties,
nearly all of which have been described solely from herbarium specimens. However, the dried specimens have
obscured the full range of extremely diverse morphological variation that exists in the genus and has resulted in a
poor subgeneric classification system that does not reflect the evolutionary history of this group. It is important to
develop innovative methods to find new morphological traits and reexamine and reevaluate the traditionally used
morphological data based on new hypothesis. In addition, Petrocosmea is a mid-sized genus but exhibits extreme
diverse floral variants. This makes the genus of particular interest in addressing the question whether there are any
key factors that is specifically associated with their evolution and diversification.
Results: Here we present the first phylogenetic analyses of the genus based on dense taxonomic sampling and
multiple genes combined with a comprehensive morphological investigation. Maximum-parsimony, maximum
likelihood and Bayesian analyses of molecular data from two nuclear DNA and six cpDNA regions support the
monophyly of Petrocosmea and recover five major clades within the genus, which is strongly corroborated by the
reconstruction of ancestral states for twelve new morphological characters directly observed from living material.
Ancestral area reconstruction shows that its most common ancestor was likely located east and southeast of the
Himalaya-Tibetan plateau. The origin of Petrocosmea from a potentially Raphiocarpus-like ancestor might have involved
a series of morphological modifications from caulescent to acaulescent habit as well as from a tetrandrous flower with
a long corolla-tube to a diandrous flower with a short corolla-tube, also evident in the vestigial caulescent habit and
transitional floral form in clade A that is sister to the remainder of the genus. Among the five clades in Petrocosmea, the
patterns of floral morphological differentiation are consistent with discontinuous lineage-associated morphotypes as a
repeated adaptive response to alternative environments.
Conclusion: Our results suggest that the lineage-specific morphological differentiations reflected in the upper lip, a
functional organ for insect pollination, are likely adaptive responses to pollinator shifts. We further recognize that the
floral morphological diversification in Petrocosmea involves several evolutionary phenomena, i.e. evolutionary successive
specialization, reversals, parallel evolution, and convergent evolution, which are probably associated with adaptation to
pollination against the background of heterogeneous abiotic and biotic environments in the eastern wing regions of
Himalaya-Tibetan plateau.
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Background
In current plant systematics, research activity tends to
begin with phylogenetic reconstruction based on DNA
sequence data. Molecular systematics has revolutionized
traditional plant systematics and classification. However,
the morphological support for such changes has often
been absent, or consisted of ad hoc explanations. In
many cases, the few morphological characters used to
support molecular phylogenies are selected from the
characters that were used to initially describe the taxa,
rather than novel characters from active morphological
and anatomical research. This situation is mainly due to
the misunderstanding that everything in morphology has
been completed [1]. On the contrary, numerous mor-
phological characters are yet unexplored, especially in
tropical groups. Many of these characters may reflect
the evolutionary histories of these taxa and serve as a
complement to molecular phylogenies.
Petrocosmea Oliv. (Gesneriaceae, Didymocarpoideae
sensu Weber et al. 2013) [2] contains 38 species with
four non-nominate varieties, all mostly distributed in
southwestern China with several species in Northern
Myanmar and Thailand, and Northeastern India [3–6].
The genus has been divided into three subgeneric sec-
tions. Hemsley (1899) [7] erected section Anisochilus
Hemsl. because two species, P. iodioides Hemsl. and P.
minor Hemsl., have an upper lip that is much shorter
than the lower lip making them distinctive from P.
sinensis Oliv.. Craib (1919) [8] made the first revision of
the genus with 15 species placing them in sections Pet-
rocosmea Craib and Anisochilus. In the second revision
that included 27 species and four varieties, Wang (1985)
[9] principally followed Craib (1919) [8] but established
sect. Deinanthera W. T. Wang. Members of this latter
section have anthers constricted near the apex that cre-
ate a short thick beak. Wang’s classification system has
been followed by later authors [3–5].
Few morphological characters were utilized in the sec-
tional divisions and species descriptions, probably be-
cause most information was lost on dried specimens.
For example, the subgeneric rankings were roughly
based on the length ratios of the upper lip (two upper
corolla lobes) to the lower lip (two lateral and one lower
corolla lobes), and the degree of fusion of the two upper
corolla lobes [3–5, 8, 9]. From the description of differ-
ent sections and species, it would appear that the flowers
are morphologically simple in Petrocosmea.
In reality, the flowers of Petrocosmea are morphologic-
ally extremely varied, but much of this variation is not
reflected in the present classification. For example, sec-
tion Anisochilus Hemsl. is traditionally defined by a
length ratio of 1:2 between the upper and lower lips.
Three groups of species within this section are distinct-
ively different in the morphology of the upper lip even
though they have the similar upper lip lengths. The first
group is characterized by the upper lip reflexed back-
ward while the second group has the upper lip extended
forward with a flat surface (Fig. 1 clades B and D).
Meanwhile, the upper lip of the third group has a spe-
cialized morphological structure that has not been ob-
served in other species of Petrocosmea; the two upper
corolla lobes extend forward and are fused nearly their
full length with each lobe folded and rolled laterally to
form a carinate-plicate structure (Fig. 1 clade C). This
carinate-plicate structure of the upper lip encloses the
style which is pressed against the inner surface to estab-
lish a complex structure with unknown biological func-
tion. These specific morphological structures of the
three groups in section Anisochilus are correlated with
other morphological variations (for details see Results).
This morphological variation is lacking in the traditional
descriptions of Petrocosmea and cannot easily be ob-
served in dried specimens. Therefore, it is doubtful that
the similarity in length ratios of the upper to lower lips
is homologous among species in section Anisochilus.
Likewise other morphological characters traditionally
utilized in the classification of Petrocosmea are unlikely
to be homologous. As Darwin pointed out “No group of
organic beings can be well understood until their hom-
ologies are made out” [10]. The recognition of homology
is the first step to reconstruct the morphological rela-
tionships and evolutionary trends in any plant group.
Since Petrocosmea was describecd [11], no molecular
systematic study has focused on the phylogeny of Petro-
cosmea except for a few species that have been sampled
in molecular phylogenetics at higher ranks in Gesneria-
ceae [12–15]. A phylogenetic reconstruction based on
DNA sequence data from multiple loci would enhance
our understanding of morphological diversity in relation
to evolutionary history and test the interpretation of
morphological evolution and homology in this genus. In
addition, the presently distributed area of Petrocosmea in
the northern Myanmar and Thailand, northeastern India
and southwestern China is just located in the eastern
wing region of the Himalaya-Tibetan plateau. This is
where the Hengduan Mountains, that consist of rugged
terrain with high mountains alternating with several
deep gorges, runs parallel north to south. The Hengduan
Mountains have not only been widely considered an im-
portant center of survival, but also a well-known region
of speciation and evolution in the world [16, 17]. It
would be interesting to know whether the origin and di-
versification of Petrocosmea are related to this heteroge-
neous ecogeographical environment.
In the present study, we analyzed a multi-gene dataset
including two nuclear (ITS, Petrocosmea CYCLOIDEA1D
(PeCYC1D)) and six plastid regions (atpI-H, matK, trnH-
psbA, rps16, trnL-trnF, trnT-trnL) from 35 species and
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Fig. 1 Photos of representative habits and flowers of different clades. 1-5 (clade A): 1. habit of P. menglianensis, showing leaves erect; 2-5. flowers of P.
menglianensis (2), P. kerrii (3) and P. grandifolia (4-5). Scale bars = 6 cm (1), 6 mm (2), 2.8 mm (3), 5.6 mm (4) and 4.2 mm (5). 6-10 (clade B): 6. habit of P.
mairei var. intraglabra, showing leaves arranged in basal rosettes spreading on the ground; 7-10. flowers of P. duclouxii (7), P. coerulea (8) and P. mairei
var. intraglabra (4-5), note upper lips reflexed backward. Scale bars = 2.5 cm (6), 4.5 mm (7) and 5 mm (8-10). 11-15 (clade C): 11. habit of P. minor,
showing leaves arranged in basal rosettes spreading on the ground; 12-15. flowers of P. iodioides (12), P. sericea (13) and P. minor (14-15), showing the
carinate-plicate (galeate) structure of the upper lip. Scale bars = 2.1 cm (11), 3.6 mm (12) (upper lip closed up to 1.45 times), 4.2 mm (13) (upper lip
closed up to one time), 4.1 mm (14) and 3 mm (15) (upper lip closed up to one time). 16-20 (clade D): 16. habit of P. forrestii, showing leaves
arranged in basal rosettes spreading on the ground, 17-20. flowers of P. barbata (17), showing cilia (hairs) on inner side of corolla tube and
the upper lip extended forward, P. mairei (18) and P. forrestii (19-20), showing upper lips extended forward. Scale bars = 1.5 cm (16), 4.5 mm
(17), 4.4 mm (18), 3.2 mm (19) and 2.9 mm (20). 21-25 (clade E): 21. habit of P. sinensis, showing leaves arranged in basal rosettes spreading on
the ground; 22-25. flowers of P. oblata (22), P. nervosa (23) and P. sinensis (24-25). Scale bars = 3 cm (21), 4.7 mm (22), 5.6 mm (23), 5.3 mm (24)
and 4.1 mm (25). Note: The upper lips (two upper corolla lobes) are arranged above and the lower lips (three lower corolla lobes) below in
all flowers
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three non-nominate varieties of Petrocosmea with two
species of Raphiocarpus plus an additional species of Boea
and two species of Streptocarpus as outgroups. Since we
had continuously carried out field observation and had
collected living plants of most Petrocosmea species in the
greenhouse, we also conducted a comprehensive investi-
gation on the flower morphology of Petrocosmea by dis-
secting the flower into a series of units for detailed
comparison and analyses. Forty-one morphological char-
acters from both vegetative and floral organs were ana-
lyzed to reconstruct the relationship within Petrocosmea
alone and combined with molecular data. Our objectives
in this study are (1) to test the monophyly of the genus;
(2) to explore the morphological origin and differentiation
pattern of Petrocosmea; (3) to interpret the evolutionary
significance of the morphological differentiation within a
robust phylogenetic context linked to both biotic and abi-
otic environment; and finally (4) to evaluate the newly ob-
served vs. traditionally utilized morphological characters
in relation to the role of morphological data in phylogen-
etic reconstruction.
Results
Analyses of DNA sequence and morphological data
separately
The combined cpDNA matrix, which comprises six
chloroplast regions of trnL-F, matK, rps16, atpI-atpH,
trnH-psbA, and trnT-L, had aligned sequences of 5662 bp,
of which 4719 (83.35 %) were constant, 560 (9.89 %) were
variable but uninformative, and 383 (6.76 %) were parsi-
mony informative. We were unable to amplify cpDNA re-
gions from P. confluens. Modeltest indicated GTR +G as
the best-fit model for the cpDNA sequence data. The
strict consensus of 6 trees yielded by MP (Maximum Par-
simony) analysis (L = 1182, CI = 0.884, RI = 0.873) was
generally congruent with the ML (Maximum Likelihood)
tree and the majority rule BI (Bayesian Inference) tree in
the topology (Additional file 1: Figure S2). Support values
less than 50 % are marked with asterisk.
In the nuclear DNA analysis with P. confluens added
to the matrix, the ILD (incongruence length different)
test gave a p value of 0.42, indicating that the sequence
data from ITS and PeCYC1D were congruent. The com-
bined nuclear DNA matrix of ITS and PeCYC1D con-
sisted of 1662 bp, of which 1213 (72.98 %) were
constant, 228 (13.72 %) were variable but uninformative,
and 221 (13.3 %) were parsimony informative. Modeltest
indicated GTR +G as the best-fit model for the com-
bined nuclear DNA data. The strict consensus of eight
trees from MP analysis (L = 642, CI = 0.872, RI = 0.849)
was congruent with the ML tree and the majority rule
consensus BI tree (Additional file 1: Figure S3).
In the combined cpDNA and nuclear DNA analysis, P.
rosettifolia and P. longianthera were removed because of
their obvious topological differences between cpDNA
and nuclear DNA data, but P. confluens was included
despite lacking cpDNA data. The ILD test gave a value
of p = 0.25, indicating that the data from the two distinct
genome regions excluding these two species did not
contain significant incongruence. Modeltest suggested
that the GTR +G model best fit the combined data. The
combined datasets consisted of 7320 bp, 774 (10.57 %)
of which were variable and 587 (8.02 %) parsimony in-
formative sites. Parsimony analyses resulted in a single
tree (L = 1767, CI = 0.886, RI = 0.872) which was congru-
ent with the ML tree and the majority rule consensus BI
tree (Fig. 2).
The MP-ML-BI tree of the combined cpDNA and nu-
clear DNA datasets was similar to the cpDNA and nuclear
DNA trees but with stronger support (Figs. 2, Additional
file 1: Figure S2-S3). The combined cpDNA and nuclear
DNA tree comprises five main clades labeled A–E (Fig. 2).
Each clade receives strong or maximum support, and they
are grouped together successively by strong to maximum
support (Fig. 2).
For the analysis of the morphological data, Forty-one
morphological characters were coded. The strict consen-
sus of 125 trees yielded from the MP analysis (L = 82,
CI = 0.842, RI = 0.972) was congruent with the majority
rule consensus BI tree (Additional file 1: Figure S4).
Similar to the DNA trees, the morphological tree com-
prises five major clades including the same species as
the molecular based trees. However, most nodes within
the major five clades have weak to moderate support
with frequent polytomies.
Analysis of combined DNA sequence and morphological
data
In the analysis of the combined data of DNA and morph-
ology with P. rosettifolia and P. longianthera removed, the
ILD test gave a value of p = 0.082, indicating that the data
from the DNA and morphological data did not contain
significant incongruence. Both P. rosettifolia and P. long-
ianthera were removed from the combined molecular and
morphological analyses due to the discrepancies in the
placement of these two species with ITS and cpDNA. The
combined data sets consisted of 7361 bp, 774 (10.51 %) of
which were variable and 628 (8.53 %) parsimony in-
formative sites. Parsimony analyses resulted in a single
tree (L = 1853, CI = 0.882, RI = 0.888) which was con-
gruent with the majority rule consensus BI tree (Fig. 3).
The trees of the combined data set of DNA and morph-
ology and the combined DNA data are identical in top-
ology with only a few fluctuations in support values of
some branches (Figs. 2-3). The tree of combined DNA
and morphological data consists of five major clades la-
beled A-E with strong to maximum support, which are
clustered together with maximum support (Fig. 3). Clade
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A, which consists of four taxa (P. kerrii var. kerrii, P. kerrii
var. crinita, P. menglianensis, and P. grandifolia) of sect.
Deinanthera sensu Wang (1985) [9] and one species (P.
parryorum) of sect. Anisochilus sensu Wang (1985) [9], is
sister to the remaining species with maximum support.
The five species bear a series of synapomorphies exclusive
to clade A, i.e., vestigial caulescent habit with ascendant
leaves, an upper lip slightly shorter than the lower lip in
length, anthers that are constricted at the tip and two dark
red-brown spots on the lower side of the corolla-tube
Fig. 2 The majority rule consensus Bayesian tree generated from analysis of combined cpDNA and nDNA data. Bootstrap values from MP/ML are
shown above branches and posterior probabilities from BI are shown below branches. P. Petrocosmea, R. Raphiocarpus, Str. Streptocarpus
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below the filaments (Figs. 1, 4). In addition, P. kerrii var.
kerrii is sister to P. parryorum with maximum support, a
relationship that is morphologically reflected in the shared
feature of blue-violet flowers with geniculate filaments. In
contrast, P. kerrii var. crinita is sister to P. grandifolia/P.
menglianensis with maximum support rather than sister
Fig. 3 Single most parsimonious trees generated from analysis of combined DNA and morphological data. Note. Bootstrap values from MP are
shown above branches and posterior probabilities from BI are shown below branches. P. Petrocosmea, R. Raphiocarpus
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Fig. 4 (See legend on next page.)
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to the type variety of P. kerrii, consistent with their shared
traits of white flowers with straight filaments. Petrocosmea
kerrii var. kerrii and P. kerrii var. crinita are apparently
two independent species because they are not recovered
as an exclusive monophyletic group.
Clade B contains eight taxa (P. coerulea, P. begoniifo-
lia, P. melanophthalma, P. confluens, P. hexiensis, P.
duclouxii, P. sichuanensis, and P. mairei var. intraglabra)
of sect. Anisochilus sensu Wang (1985) [9], and is a well-
supported clade sister to clades C-D with maximum
support. Petrocosmea mairei var. intraglabra and P.
sichuanensis as a pair of sister species with maximum
support are strongly supported to come together succes-
sively with P. duclouxii (MP-BS (bootstrap) =96 %; PP
(posterior probabilities) =100 %), P. hexiensis (MP-BS =
99 %; PP =100 %), and P. confluens (MP-BS = 98 %; PP =
100 %). Petrocosmea coerulea and P. melanophthalma as
sister species with moderate support (MP-BS = 78 %; PP
= 98 %) are further clustered together with P. begoniifo-
lia with MP-BS = 70 % and PP = 100 %). The two
branches in clade B are further joined together with
strong support (MP-BS = 97 %; PP = 100 %). The species
of clade B are defined by their short upper lips with
semiorbicular corolla lobes. The morphological synapo-
morphies of clade B also include two upper corolla lobes
highly reflexed backward with two purple spots on the
lower side of the corolla-tube below the filaments
(Fig. 1). Apparently, P. mairei var. intraglabra is a spe-
cies apart from P. mairei var. mairei which is nested in
clade D (Figs. 2-3).
Clade C includes eight taxa (P. iodioides, P. martinii
var. leiandra, P. martinii var. martinii, P. minor, P. seri-
cea, P. shilinensis, P. xingyiensis and P. huanjiangensis)
of sect. Anisochilus and two species (P. grandiflora and
P. yanshanensis) of sect. Petrocosmea. There are two lin-
eages in Clade C with maximum support. In one lineage,
P. grandiflora and P. yanshanensis as strongly supported
sister species (MP-BS = 97 %; PP = 100 %) are grouped in
sequence with P. sericea (MP-BS = 98 %; PP = 100 %), P.
martinii var. martini (MP-BS = 99 %; PP = 100 %), and
maximally supported sister species of P. iodioides and
P. martinii var. leiandra. In another lineage, P. minor
and P. shilinensis are sister to each other (MP-BS =
71 %; PP = 97 %), and further grouped with P. xingyien-
sis by moderate support (MP-BS = 73 %; PP = 100 %),
and together they are sister to P. huanjiangensis with
strong support (MP-BS = 98 %; PP = 100 %).
The eight species traditionally placed in sect. Anisochi-
lus all share a specific floral character; the two upper
corolla lobes are fused nearly their entire length and
each lobe is folded and rolled laterally to form a
carinate-plicate shape of the upper lip that encloses the
style. In the traditional classification, the upper lip of
these species is only described by the phrase “indistinctly
2-lobed, emarginate, or undivided”. This specific structure
of the upper lip is first recognized herein in Petrocosmea
(Fig. 1). Petrocosmea grandiflora and P. yanshanensis as a
pair of sister species exhibit a series of floral characters
distinctively different from other species of clade C (Fig. 5).
These two species have striking similarities to species of
clade E in the external appearance of the corolla (Fig. 5),
the reason that they all had been formerly placed in sect.
Petrocosmea. Nevertheless, the highly fused upper lips in
the flowers of P. grandiflora and P. yanshanensis as the
synapomorphy shared with other species of clade C hint
at membership in clade C. The similarity between these
two species and members of clade E is likely the result of
floral convergent evolution. Clade C is sister to clades D
and E with maximum support.
Clade D comprises six taxa (P. forrestii, P. mairei var.
mairei, P. barbata, P. cavaleriei, P. xanthomaculata, and
P. longipedicellata) of sect. Anisochilus and two newly
described species P. nanchuanensis and P. glabristoma
with strong support (MP-BS = 98 %; PP = 100 %). Petro-
cosmea nanchuanensis is sister to a maximally supported
branch containing P. barbata, and P. longipedicellata
(See figure on previous page.)
Fig. 4 Photos of dissected flowers of representative species of different clades. 1-3 (clade A, P. grandifolia): 1.longitudinal section, showing relative
position of stamen and pistil inside corolla tube, 2. anthers, showing anthers constricted at top, poricidal with short filament, 3. pistil, showing style’s tip
curving downward, Ca showing corolla throat ribbed at both upper and lower sides and relative position of style at throat magnified 1.7 times in size
relative to Fig. 1-2. Scale bars = 2.7 mm (1), 1.4 mm (2) and 2.2 mm (3) (3.5 mm in Ca). 4-6 (clade B, P. mairei var. intraglabra): 4. longitudinal section, 5.
Stamen, showing poricidal anther basifixed with straight filament (5’. anther of P. coerulea showing dehiscent pore), 6. Pistil, Cb showing corolla throat
of P. coerulea ribbed at upper side and relative position of style at throat magnified 2.5 times in size relative to Fig. 1-8. Scale bars = 3.4 mm (4), 1.1 mm
(5) (0.86 mm in 5’) and 1.3 mm (6) (2 mm in Cb). 7-9 (clade C, P. sericea): 7. longitudinal section, 8. Stamen, showing poricidal anther basifixed with long
geniculate filament (8’. anther of P. minor showing dehiscent pore), 9. pistil, showing style curving downward at top, Cc showing corolla throat
unribbed and relative position of style at throat magnified 2 times in size relative to Fig. 1-13. Scale bars = 2.9 mm (7), 1.8 mm (8) (1.6 mm in 8’) and
2.2 mm (9) (2.1 mm in Cc). 10-12 (clade D, P. forrestii and P. barbata): 10. longitudinal section of P. barbata, showing style extending from centre of the
throat, 11. Stamen of P. forrestii, showing anther longitudinal dehiscent with short filament, 12. Pistil of P. forrestii, erect, Cd showing corolla throat of P.
barbata unribbed and relative position of style at throat magnified 1.75 times in size relative to Fig. 1-17. Scale bars = 3.6 mm (10), 1.3 mm (11) and
1.9 mm (12) (2.6 mm in Cd). 13-15 (clade E, P. sinensis): 13. longitudinal section, 14. Stamen, showing longitudinal anther with short filament (14’.
showing anther with longitudinal dehiscence becoming visible), 15. pistil, showing style curving downward at the base and curving upward at the
top, Ce showing corolla throat unribbed and relative position of style at throat magnified 1.26 times in size relative to Fig. 1-24. Scale bars = 3.7 mm
(13), 1.4 mm (14 and 14’) and 2.9 mm (15) (4.2 mm in Ce). CT, constriction; G, geniculate; L, lower lip; P. dehiscent pore; U, upper lip
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gathered together by strong support (MP-BS = 91 %; PP =
100 %) with two maximally supported sister species, P.
cavaleriei and P. xanthomaculata. These five species as a
maximum supported branch are further united with three
well resolved sister species P. glabristoma, P. forrestii and
P. mairei var. mairei. The species in clade D have a gener-
ally similar bilateral corolla to the species in clade B. How-
ever, the two lobes in the upper lip are extended forward
rather than reflexed backward. In addition, they can also
be easily recognized by two bright yellow spots or cicatri-
ces on the lower lip and hairs on the upper lip in the cor-
olla throat (Fig. 1).
Five species (P. nervosa, P. oblata, P. flaccida, P. sinen-
sis, and P. qinlingensis) of sect. Petrocosmea form clade
E with maximum support. In clade E, P. oblata and P.
flaccida are sister with maximum support and these
two are grouped with another set of sister species, P.
sinensis and P. qinlingensis, with strong support (MP-
BS = 90 %; PP = 100 %). Petrocosmea nervosa is sister to
the remaining species in Clade E with maximum sup-
port. The species of clade E all share a large bilobed
upper lip that is equal or almost equal to the trilobed
lower lip (Fig. 1). Correspondingly, their styles are gen-
erally located in the center of the flower. In addition,
the longitudinal anthers, and three yellow spots on the
upper side of the corolla tube below the filaments are
unique to the species of clades D and E, supporting
their sister relationship.
Ancestral area and character state reconstructions
The results of ancestral area reconstruction using S-
DIVA in RASP is shown in Fig. 6. The most recent com-
mon ancestor of Petrocosmea is in the border region of
China, Thailand, India, and Myanmar, lying east and
southeast of Himalaya-Tibetan Plateau. Petrocosmea has
greatly diversified in southwestern China, especially in
Fig. 5 Photos of flowers of P. yanshanensis, P. rosettifolia and P. longianthera. 1-3. P. yanshanensis: face view (1), lateral view (2) and stamens (3);
4-6. P. rosettifolia: face view (4), lateral view (5) and stamen indicating poricidal anther (6); 7-9. P. longianthera: face view (7), lateral view (8) and
stamens indicating long anthers with short filaments (9). Scale bars = 5.7 mm (1-2), 1.4 mm (3), 6 mm (4), 5.6 mm (5), 1.6 mm (6), 5.4 mm (7-8)
and 1.8 mm (9). L, lower lip; P, dehiscent pore; U, upper lip
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Hengduan Mountain-Yungui Plateau region, and further
spread to central China (Fig. 6).
For ancestral character state reconstructions, twelve
diagnostic characters were analyzed on the posterior set
of trees derived from the combined molecular data ana-
lysis (Fig. 2). These were selected among all of the char-
acters that were scored because they may represent
important adaptations in the speciation of Petrocosmea.
Fig. 6 Geographical distribution and ancestral area reconstruction of Petrocosmea based on the combined cpDNA and nDNA data. Four areas are
defined as follows: Region A, the border region of China, Thailand, India, and Myanmar, lying east and southeast of Himalaya Mountain-Tibetan Plateau;
Region B, the Hengduan Mountain-Yunnan Plateau region in southwestern China; Region C, The central China; Region D, the north-central China (only
one species, i.e. Petrocosmea qinlingensis, belonging to clade E, is distributed in Qinling Mountains (Shanxi province) in north-central China)
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They are plant habit, ratio of the upper lip to lower lip,
structure of the upper lip; character of corolla throat,
dorsoventrally equal/unequal development of the ovary,
length ratio of corolla tube to corolla lobes, inflation of
the lower part of the corolla tube, position of the anther
and filament relative to the ovary and style, type of an-
ther dehiscence, exsertion of the style with curvature
type of style tip; constriction at the top of the anther
and straight/geniculation of filaments (Figs. 1, 4, 7-8,
Additional file 1: Figure S5). We found that the plants of
clade A retained a vestigial caulescent habit with ascend-
ant leaves, which transitioned to a habit consisting of a
short rhizome with rosette leaves spreading on the ground
(Fig. 1). A ratio of upper to lower lip of 1:2 was inferred to
have appeared independently two times in clades B and D.
The upper lip is reflexed backward in clade B but
Fig. 7 Reconstruction of ancestral states for three morphological characters using Mesquite. Note: An asterisk in the P. grandiflora/P. yanshanensis
branch in clade C indicates a long upper lip but lobed to 1/4 or 1/3 that is distinctive from clade E (B)
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extended forward in clade D (Figs. 1, 7). The upper to
lower lip ratio is 1:4 in the main branch of clade C, but
secondarily lengthened to equal length of the lower lip in
clade E as well as the P. grandiflora/P. yanshanensis
branch of clade C (Figs. 1, 5, 7). Corolla throat ribbing and
whether the gynoecium develops equally or unequally
dorsoventrally were correlated in all taxa and character
state mapping indicates that a corolla throat that is ribbed
on both upper and lower surfaces and a gynoecium that
develops only slightly unequally dorsoventrally is the an-
cestral state for Petrocosmea (Fig. 8). Similarly four other
characters were correlated; corolla tube length, corolla
tube inflation on lower side, number of fertile stamens
and type of dehiscence, and exsertion and orientation of
Fig. 8 Reconstruction of ancestral states for seven morphological characters using Mesquite
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the style. The ancestral states for these are a corolla tube
that is equal to slightly longer than the lobes, is inflated
on the lower surface, two fertile stamens with poricidal
dehiscence, and an exserted style that is bent downward
(Fig. 8). In clades D and E, the tube is shortened and not
inflated and although there are also only two fertile sta-
mens, their dehiscence is longitudinal and the exserted
style is bent upward (Fig. 8).
A series of novel morphological traits are correlated
with cladogenetic events in Petrocosmea. These morpho-
logical novelties are mainly reflected in the size and
shape of the upper lip. In clade A, the two upper corolla
lobes are slightly smaller than the three corolla lobes of
the lower lip, generating a moderate floral zygomorphy
as in Raphiocarpus. In clade B, the two upper corolla
lobes are remarkably reduced relative to the three lobes
of the lower lip. In clade C, the two much shortened
upper corolla lobes are fused and extremely specialized.
In clade D, even though the upper lobes are in general
similar to those in clade B in size, they are extended for-
ward with a flat face, contrasting with the two upper
corolla lobes reflexed backward in clade B. The flowers
in clade E are nearly actinomorphic, reflected in the
equal length of the upper and lower lips, a deep sinus
among the five corolla lobes and a much shortened cor-
olla tube (Fig. 1). These morphological variants in the
size and shape of the upper lip are consistent with a
series of counterparts in other floral organs, such as
character of corolla throat, length ratio of corolla tube to
corolla lobes, inflation of the lower part of the corolla
tube, position of the anther and filament relative to the
ovary and style and type of anther dehiscence, exsertion
of the style with curvature type of style tip, and dorso-
ventrally equal/unequal development of the ovary
(Figs. 1, 4, 8).
Discussion
The monophyly of Petrocosmea is well supported by
both molecular and morphological data so far as our
current sampling is concerned (Figs. 2-3, Additional file
1: Figure S1-S3). The flowers of Petrocosmea are charac-
terized by a short corolla tube with a length of only 3-
6 mm. This short tube is remarkably different from the
flowers of many other Gesneriaceae where corolla tubes
often are over 2 cm long [5], but is similar to species of
Saintpaulia [6]. Petrocosmea, with a combination of
synapomorphies (perennial stemless herbs, bilateral-
diandrous flowers with a short corolla tube and two fer-
tile stamens), is clearly distinguished from its sister
group Raphiocarpus (subshrub, bilateral-tetrandrous
flowers with a long corolla tube over 4 cm long, and
four fertile stamens). However, the molecular phylogeny
herein does not support the traditional classification of
Petrocosmea as divided into three sections (Petrocosmea,
Anisochilus and Deinanthera). The species of the three
sections are scattered across different branches in the
phylogenetic trees from all analyses; none of the three sec-
tions are recovered as monophyletic regardless of the
source of data used for the phylogenetic analyses. In con-
trast, our molecular data show that Petrocosmea consists
of five clades corroborated by morphological data as
prementioned.
Origin of Petrocosmea
The present molecular phylogeny represents the first
major step toward understanding evolution in Petrocos-
mea. Further analyses of morphological characters in
light of the molecular phylogeny will enhance our un-
derstanding of the morphological origin and diversifica-
tion in relation to the evolutionary history of this genus.
A growing amount of evidence from phylogenetic stud-
ies shows that the acaulescent and diandrous-flowered
Petrocosmea might have proceeded from a caulescent
and tetrandrous-flowered Raphiocarpus-like ancestor
[14, 15]. The tetrandrous flowers with only the mid-
upper stamen aborted have been considered an ancestral
state in Didymocarpoideae [6, 14, 15]. The morpho-
logical evolutionary shift from tetrandrous to diandrous
flowers has occurred several times in the Old World
Gesneriaceae, such as the shift from tetrandrous Oreo-
charis to Opithandra with only two lateral fertile stamens
and from tetrandrous Anna to diandrous Lysionotus with
both the mid-upper and lateral stamens aborted [14, 15,
18]. This morphological shift in stamen number usually
involves only the increase of sterile stamens from the mid-
upper to both the mid-upper and lateral/ventral stamens
with the length of corolla tube unchanged in most groups
of Gesneriaceae. Therefore, most genera are characterized
by a long corolla tube both in tetrandrous and diandrous
flowers in Gesneriaceae [5, 6]. However, the flowers of
Petrocosmea are not only diandrous but also have a short
corolla tube of only 3-6 mm as well as acaulescence. The
plants of clade A retain a caulescent habit with ascendant
leaves. The plants of other clades of Petrocosmea, in con-
trast, are characterized by short rhizomes with leaves
spreading on the ground (Fig. 7a). The caulescent habit is
correlative with their moderately zygomorphic flowers
with a relatively long corolla-tube found in species of clade
A that is distinctively different from the strongly zygo-
morphic flowers and short corolla tube in clades B-D.
Ancestral area reconstruction indicates the origin of
Petrocosmea in the boundary area of India, Myanmar,
Thailand and China, lying east and southeast of
Himalaya-Tibetan plateau. This eastern wing region of
the Himalaya-Tibetan plateau is one of the most geo-
logically active areas in the world, covered with pure
carbonate substrate [19–21]. These limestone areas are
characteristic of fluctuating ecological environments
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with an alternation between severe erosion in the rainy
season and extreme drought in the long dry season that
are stressful for plant growth [19, 21]. The acaulescent
and subsequent rosette habit of Petrocosmea might
have evolved in response to selective pressures imposed
by extreme fluctuation of seasonal climate and eco-
logical conditions. Habitat usually exerts strong influ-
ence on vegetative growth adapted for plant survival
[22]. However, little is known about the driving force
behind the evolution from a long to short corolla tube
in the origin of Petrocosmea. The shift in corolla tube
length is probably related to changes in the insect
fauna.
Functional and evolutionary implications of the lineage-
specific morphological differentiation
As outlined above, a series of novel morphological traits
are correlated with the cladogenetic events in Petrocos-
mea, all are first documented in present study. They are
mainly reflected in the upper lip, i.e. the two upper cor-
olla lobes, in size and shape. Floral zygomorphy (bilat-
eral symmetry) is one key innovation associated with the
adaptive radiation of angiosperms because it promotes
the coevolution between plants and animals [23–26].
The evolution of floral zygomorphy has been widely
considered a major trend in the phylogeny of angio-
sperms, in which zygomorphy has played a key role in
generating the diversity inherent to many large and suc-
cessful angiosperm clades [23, 26, 27]. Zygomorphy is
also found to be one of the three main factors associated
with the geographical distribution of diversification hot-
spots in angiosperms (two other factors are noncontigu-
ous distribution and altitude) [28, 29]. For example,
frequent pollinator shifts are correlated with rapid
lineage diversification in the flora of southern Africa that
has exceptional species richness and endemism [30].
Floral zygomorphy usually promotes reproductive isola-
tion by discrimination in favor of specific pollinators,
such as two sympatric species in Mimulus marked by
different zygomorphic flowers that are specifically polli-
nated by bees or hummingbirds [31]. In Malpighiaaeae,
the floral arrangement rotates 36° between zygomorphic
flowers as the pollinator shifts from the oil-bee to
xylocopine-bee [32].
In insect-pollinated zygomorphic flowers, the lower lip
often functions as a platform for the landing of visiting
insects. However, the upper lip plays a key role in
attracting or permitting specific pollinators to visit by
specialized petal size and shape. Therefore, the lower lip
is generally consistent in morphology while the upper lip
exhibits variation and specialization in both shape and
size [24, 33]. It is especially true for Petrocosmea, in
which the upper lip tends to be shortened and special-
ized from clade A through clade B to clade C in size and
shape, especially the carinate-plicate shape in clade C,
with coordinated variation of correlative characters. An-
cestral state and area reconstructions demonstrate that
the floral morphological specialization is accompanied
by the geographical dispersal from the boundary area of
India, Myanmar, Thailand and China, lying east and
southeast of Himalaya-Tibetan plateau, to southwestern
China, especially the Hengduan Mountain-Yungui plat-
eau areas where Petrocosmea is highly diversified. The
floral transition from moderate to extremely strong
zygomorphy may reflect a pollinator or pollinator-
behavior shift likely towards more specialized pollin-
ation, which is the major evolutionary trend of the floral
zygomorphy in many clades of angiosperms [23, 26, 27].
However, the upper lip demonstrates a reversal from the
extremely zygomorphic flowers in clade C through clade
D to the almost actinomorphic flowers in clade E, as
well as a parallel evolutionary pathway within clade C,
correlated with a series of other floral morphological dif-
ferentiations. This evolutionary reversal also frequently
occurs in other groups of Gesneriaceae accompanied by
pollinator shifts towards generalized pollination [15]. For
example, the tubular zygomorphic flowers specifically
pollinated by hummingbirds proceeds to subcampanu-
late flowers with generalized pollination in Gesnerieae
[34], as well as the flat-faced actinomorphic flowers of
Ramonda evolved from the tubular zygomorphic flowers
of Haberlea that switched to generalist pollinators [15,
35, 36]. The floral morphological transition with pollin-
ator shift from specialist to generalist is usually related
to the evolution of the reproductive assurance mechan-
ism when specialist pollinators are absent or rare [34]. It
may apply to the floral evolutionary reversal from clade
C to clade E and within clade C in Petrocosmea. The
lineage-specific differentiation reflected in the upper lip
with correlative characters might be related to the evolu-
tion of functional morphology to optimize pollination
process in the genus Petrocosmea. The elaborate morph-
ology of the upper lip characteristic of carinate-plicate
shape in clade C may represent a functional innovation
for the occurrence of wholly novel or more effective spe-
cialist pollinators.
Given that the phenotypic variation in Petrocosmea
mainly involves floral rather than vegetative traits, the
diversification of Petrocosmea is likely a product of con-
certed evolution associated with adaptation to different
groups of pollinators rather than a direct response to
physical environmental variables. Petrocosmea is a mid-
sized genus but exhibits extreme diverse floral variants
mainly reflected by various forms of the upper lip appar-
ently shaped by different pollinators as shown in other
groups of Gesneriaceae. In addition, the floral morpho-
logical diversification in Petrocosmea involves several
evolutionary phenomena, i.e. evolutionary successive
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specialization from clade A to clade C, reversal from
clade C to clade E as well as within clade C, parallel evo-
lution reflected by the parallel branches switching to
moderate zygomorphy or almost actinomorphy in clade
C, and convergent evolution demonstrated by floral
similarity between some branches in clades C and E.
These evolutionary phenomena are probably all associated
with adaptation to pollination under the background of
heterogeneous abiotic and biotic environments in the
eastern wing regions of Himalaya-Tibetan plateau. Petro-
cosmea may represent an ideal model for the research of
floral evolution related to plant-insect coevolution. There-
fore, it merits further study in pollination biology to find
whether specific pollinators or pollinator behaviors are re-
sponsible for the lineage-specific morphological differenti-
ation, especially for the upper lips, in Petrocosmea.
Utility of morphological characters
According to Craib (1919) [8] and Wang (1985, 1990,
1998) [3, 4, 9], the relative length of the upper and lower
lips was the dominant principle to divide sections within
Petrocosmea. Therefore, all species in clade E and some
species in clade C with equal or nearly equal upper and
lower lips were grouped in sect. Petrocosmea, which are
traditionally considered the most primitive in the genus
[9]. Most species of clades A, B, C, D with the upper lip
shorter than the lower lip were placed in sect. Anisochi-
lus, and later, the species of clade A were further identi-
fied as the most advanced group due to their unique
anther morphology and moved to sect. Deinanthera [9].
Some authors hold the opinion that morphological
data are problematic in reconstructing phylogenetic trees
because morphology is frequently convergent and there-
fore often misleading [37, 38]. Nevertheless, others argue
that morphological data synergistically contribute to
phylogenetic trees because of their low intrinsic homo-
plasy and the problems in resolving homology in morph-
ology can be solved through methodological development
and examination using modern tools [39–41]. Abundant
morphological characters have been utilized in traditional
systematics for more than 200 years, thus the term “mor-
phological feature” is a concept that a lot of people infer
as characters that were traditionally used [1]. In this sense
it could be difficult to avoid convergence and confusion
about different evolutionary status when wholly indiscrim-
inately using them. Relying only on characters that have
been used in the traditional classification systems within
Petrocosmea reveals homoplasy in these traits based on
the phylogenetic analyses in this study. However, the same
five clades that were recovered based on DNA sequence
data were also recovered using a purely morphological
data set that utilized numerous character states that had
not previously been considered in the classification within
Petrocosmea, albeit the fewer number of morphological
characters did not yield the same level of support for the
clades. Our results highlight that morphological features
are still important and relevant in resolving phylogenetic
relationships, but must be evaluated in concert and not be
used in isolation for the "value" of any one character. We
here distinguish clade A from other clades based on the
retention of a caulescent habit and moderate floral zygo-
morphy. In contrast to placing them in the same section
only based on their similar length of the upper lip in trad-
itional classification, we distinguish the plants of clade B,
C (the main branch) and D from each other with charac-
ter combination of upper to lower lip ration of 1:2 with
the upper lip reflexed backward in clade B, upper to lower
lip of 1:4 with the upper lip folded laterally to specially
form a carinate-plicate shape in the main branch of clade
C and upper to lower lip ratio of 1:2 with the upper lip ex-
tended forward in clade D. We further interpret the equal
length of the upper and lower lip in clade E as well as
some branches in clade C as a floral reversal rather than
an ancestral feature in the traditional classification accord-
ing to the molecular phylogeny herein. These recognitions
of the major distinctive morphological characters are
based on the combination of traditionally used characters
and our novel findings in morphology, and reevaluation
on the ground of new hypothesis, correlated with a series
of other morphological traits. Any one morphological
character is not problematic in and of itself but can cir-
cumscribe non-monophyletic groups when used in isola-
tion, a priori, as being more useful than other characters.
Traditional investigations of morphology should be
renewed or extended in the form of new hypotheses for
phylogenetic reconstruction and evolutionary origin. Ac-
cording to Bybee et al. (2010) [42], morphological char-
acters were not only infrequently (only 10.5 %) used in
recent phylogenetic reconstructions, but the selection of
characters were largely unoriginal and untested for their
synapomorphies. It is likely that some so-called morpho-
logical synapomorphies in traditional systematics are in
fact morphological similarities as a result of convergent
evolution. Given the large amount of morphological
characters utilized in traditional systematics, there is an
urgent need to teach old dogs new tricks in present
phylogenetic reconstructions.
Conclusion
In contrast to Petrocosmea actually exhibiting extremely
diverse floral variation, few morphological characters
have been described in the traditional system with poor
subgeneric classification. We conduct the first phylogen-
etic analyses in Petrocosmea based on dense taxonomic
sampling and multiple loci from two nuclear and six
chloroplast DNA regions, which support the monophyly
of Petrocosmea and recover five major clades within
the genus. We further carry out a comprehensive
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investigation on the flower morphology with living plant
material in Petrocosmea and find a series of novel mor-
phological traits that are specific to the five respective
clades. Reconstructions of ancestral states of twelve mor-
phological characters strongly support five clades re-
vealed by the molecular phylogeny, suggesting these
newly observed morphological traits have phylogenetic
significance. Phylogenetic analyses and ancestral state re-
constructions suggest that the acaulescent Petrocosmea
with diandrous flowers and short corolla tubes might
have proceeded from the caulescent Raphiocarpus-like
ancestor with tetrandrous flowers and long corolla tubes.
Ancestral area reconstruction shows that the geographic
origin of Petrocosmea lies east and southeast of the
Himalaya-Tibetan plateau. Functional and evolutionary
analyses of floral morphology indicate that the lineage-
specific floral differentiation reflected in the upper lip in
Petrocosmea are likely adaptive responses to the shift of
pollinators or pollinator behaviors, especially the highly
specialized structure of the upper lip, a carinate-plicate
shape in clade C first recognized herein. We find that
the floral morphological diversification in Petrocosmea
involves several evolutionary phenomena, i.e. evolution-
ary successive specialization, reversal, parallel evolution,
and convergent evolution, which are probably associated
with plant-insect coevolution in the heterogeneous abi-
otic and biotic environments in the eastern wing regions
of Himalaya-Tibetan plateau. Further detailed research
in pollination biology with ecogeography-associated ana-
lyses would shed light on mechanisms underlying the
floral evolution and diversity of Petrocosmea as an adap-
tive coevolution responding to local environmental
changes. Our results also highlight the importance that
morphological features, when evaluated in concert, and
through active research to discover new characters,
would enhance our understanding of the relationships
revealed by molecular phylogeny.
Methods
Plant materials
Thirty-five species and three non-nominate varieties in-
cluding all three sections of Petrocosmea sensu Wang
(1985) [9] were sampled. Attempts were made to find
suitable material of P. condorensis Pellegr., P. kingii
(Clarke) Chatterjee and P. formosa B. L. Burtt as well as
P. oblata var. latisepala W. T. Wang, but without suc-
cess. All materials for DNA extraction came from silica-
dried or fresh leaves except for Petrocosmea confluens
W. T. Wang and P. grandiflora Hemsl. for which herbar-
ium specimens at PE and KEW, respectively were used.
The voucher information of all sampled taxa and Gen-
Bank accession numbers are listed in Additional file 1:
Tables S1-S2.
Outgroup choice for phylogenetic study
To determine the most appropriate outgroup for the
phylogenetic study of Petrocosmea, a large number of re-
lated species from 23 genera of Gesneriaceae were sam-
pled. Twenty genera from other Didymocarpeae, one
from Trichosporeae which may be a close relative of Didy-
mocarpeae [12, 13, 43], one from Cyrtandreae, and one
from Epithemateae were included. Antirrhinum majus
(Plantaginaceae) and Tetranema mexicanum (Scrophular-
iaceae) were used as outgroups in preliminary analyses
based on trnL-F and ITS (Additional file 1: Table S2). The
result showed that Petrocosmea is well supported as
monophyletic and sister to two species of Raphiocarpus
from Didymocarpeae with strong to moderate support
(Additional file 1: Figure S1). Therefore, Raphiocarpus
begoniifolius and Raphiocarpus petelotii were chosen as
outgroups with the additional inclusion of one species of
Boea and two species of Streptocarpus for the subsequent
phylogenetic analyses in all data sets for this study.
DNA extraction, PCR amplification, and sequencing for
phylogenetic study
Total genomic DNA was extracted from silica-gel-dried,
fresh or herbarium specimen leaf materials using the
CTAB method of Rogers and Bendich (1988) [44] and
used as the templates in the polymerase chain reaction
(PCR).
The atpI-atpH, matK, trnH-psbA, rps16 intron, trnL-F,
trnT-L, and the entire nuclear ribosomal DNA ITS re-
gions were amplified using atpI/atpH [45], matK-AF/
trnK-2R [46, 47], trnH/psbA [48, 49], rps16-2 F/rps16-
R3 [50], c/f [51], a/b [51], ITS-1/ITS-4 [52], respectively.
To amplify the PeCYC1D region, a pair of primers were
used: forward PD1 (5’–CCC ACA AGA AAT AAT GCT
TAG C–3’) and reverse PD2 (5’ – AGC ACA GAT GCC
AAA AGA TTC – 3’). The PCR products were purified
using Tian quick Midi Purification Kit (Tiangen Biotech,
Beijing, China) following the manufacture’s protocol and
were directly sequenced. The sequencing primers are the
same as amplification primers except matK and
PeCYC1D regions. A reverse primer matK-8R [47] was
added in the matK region sequencing, and a forward pri-
mer F1d (5’–TCA TCC TCC TCA GGT TTC ACA G–
3’) and the reverse primer R [18] were used in the
PeCYC1D sequencing.
DNA sequence alignment and phylogenetic analyses
Sequences were aligned using Clustal X1.83 [53] and ad-
justed manually using BioEdit5.0.9 [54]. All combined
DNA data were analyzed with maximum parsimony
(MP), maximum likelihood (ML) and Bayesian inference
(BI) methods, which were implemented in PAUP**4.0b10
[55], RAxML 8.1.11 [56], and MRBAYES version 3.0b4
[57], respectively.
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For MP analysis, all characters were given equal weight
and character states were unordered. Heuristic searches
were performed with 1000 replicates of random addition,
one tree held at each step during stepwise addition, tree-
bisection-reconnection (TBR) branch swapping, Mul-
trees in effect, and steepest descent off. Bootstrap sup-
port [58] for each clade was estimated from 1000
heuristic search replicates as described above.
For ML analysis, the optimal model and parameters
were determined under the Akaike information criterion
(AIC) in Modeltest 3.06 [59]. A BIONJ tree was employed
as a starting point [60]. Statistical support for the node on
the ML tree was estimated by 1000 replicates of bootstrap
analyses.
In the BI analysis, the model choice of nucleotide sub-
stitution was the same as described in ML analysis. Four
chains of the Markov Chain Monte Carlo were run each
for 10,000,000 generations and were sampled every
10,000 generations. For each run, the first 200 samples
were discarded as burn-in to ensure that the chains
reached stationary. In the majority rule consensus from
Bayesian analysis, posterior probability (PP) was used to
estimate robustness.
For combined sequence data, the incongruence length
difference (ILD) test [61] as implemented in PAUP*
4.0b10 [55] was performed to assess character congruence
between cpDNA data and nDNA data, with 1000 repli-
cates, each with 100 random additions with TBR branch
swapping. The p value was used to determine whether the
two data sets contained significant incongruence (0.05).
Constructing a morphological character matrix and
reconstructing the ancestral state of some selected
morphological characters
The morphological dataset is based on 41 characters, of
these, 25 are floral and important traits previously used
for subgeneric classification within Petrocosmea (see
Additional file 1: Appendix S1). The morphological data
and the combined matrix of DNA plus morphological
data were analyzed with MP and BI methods. The Mk1
model was used for the morphological characters in BI.
Characters are equally weighted and the states were
unordered.
The evolution of twelve diagnostic characters (for detail
see Results) was analyzed on the posterior set of trees
from the combined molecular MP analysis. The analysis
was performed using unordered maximum parsimony as
implemented in Mesquite ver. 3.02 (available from http://
mesquiteproject.org). The results are summarized on the
majority rule consensus tree of the posterior set of trees.
Biogeographical analyses
To reconstruct the possible ancestral ranges of Petrocos-
mea, we conducted an S-DIVA analysis [62] using the
software package RASP [63]. By utilizing the bootstrap
distribution of trees resulting from a MP analysis and
generating credibility support values for alternative
phylogenetic relationships, the S-DIVA method can min-
imizes the phylogenetic uncertainties [62, 64, 65].
We used the most parsimonious tree generated from
analysis of combined cpDNA and nDNA data as a final
representative tree. Four geographic regions were coded:
Region A, the border region of China, Thailand, India,
and Myanmar, lying east and southeast of Himalaya-
Tibetan Plateau; Region B, the Hengduan Mountain-
Yunnan Plateau region in southwestern China; Region C,
The central China; Region D, the north-central China. By
loading the representative tree file and the distribution file
based on the geographic region codes as mentioned above,
the statistical Dispersal-Vicariance Analysis (S-DIVA) was
executed in the software package RASP. Ancestral areas
were reconstructed with the “max areas” constrained to
three because most species occur in fewer than three areas.
The geographical distribution was generated by ARC-
GIS 10.2(ESRI,US). Locations of Petrocosmea distribution
were obtained from collection records and herbarium.
The transition from location to longitude and latitude was
carried out online (www.gpsspg.com).
Deposition of phylogenetic data in Treebase
All the phylogenetic data used in this study have been
deposited to the Treebase (http://purl.org/phylo/tree-
base/phylows/study/TB2:S17643).
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available in GenBank under accession numbers
KR006351-KR006603. All of the phylogenetic se-
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Qiu et al. BMC Plant Biology  (2015) 15:167 Page 17 of 19
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
ZJQ carried field investigations, performed experiments, and wrote the
manuscript. YXL carried field investigations, CQL performed experiments, YD
performed experiments, JFS participated in data analysis and wrote the
manuscript, YZW designed and wrote the manuscript. All authors read and
approved the final manuscript.
Acknowledgements
We thank Dr. Yu-Min Shui for assistance in the field. This work was supported
by the National Natural Science Foundation of China (Grants 31170198,
31200159 and31470333).
Author details
1State Key Laboratory of Systematic and Evolutionary Botany, Institute of
Botany, Chinese Academy of Sciences, 20 nanxincun, Beijing 100093, China.
2Key Laboratory of Southern Subtropical Plant Diversity, Fairylake Botanical
Garden, Shenzhen & Chinese Academy of Sciences, Shenzhen 518004, China.
3Kunming Institute of Botany, Chinese Academy of Sciences, Kunming
650204, China. 4Boise State University, Department of Biological Sciences,
Boise, ID 83725-1515, USA.
Received: 27 November 2014 Accepted: 4 June 2015
References
1. Weber A. What is morphology and why is it time for its renaissance in plant
systematics? In: Stuessy TF, Mayer V, Hörandl EK, editors. Deep morphology:
toward a renaissance of morphology in plant systematics. Koenigstein,
Germany: Scientific Books; 2003. p. 3–32.
2. Weber A, Clark JL, Möller M. A new formal classification of Gesneriaceae.
Selbyana. 2013;31:68–94.
3. Wang WT. Petrocosmea Oliver (Gesneriaceae). In: Wang WT, editor. Flora
Reipublicae Popularis Sinicae, vol. 69. Beijing: Science Press; 1990. p. 305–23.
4. Wang WT. Petrocosmea Oliver. In: Wu ZY, Raven PH, editors. Flora of China,
vol. 18. Beijing, St. Louis: Science Press and Missouri Botanical Garden; 1998.
p. 302–8.
5. Li ZY, Wang YZ. Plants of Gesneriaceae in China. Zhengzhou, China: Henan
Science and Technology Publishing House; 2004. p. 154–66.
6. Weber A. Gesneriaceae. In: Kubitzki K, Kadereit JW, editors. The families and
Genera of Vascular Plants, Dicodyledons. Lamiales (except Acanthaceae
including Avicenniaceae), vol. 7. Berlin: Springer; 2004. p. 63–158.
7. Hemsley WB. Petrocosmea iodioides Hemsl. & P. Minor Hemsl. In: Hooker J,
editor. Icones Plantarum. 1899. 26: Pls. 2598 and 2600.
8. Craib WG. Revision of Petrocosmea. Not Bot Gard Edinb. 1919;11:269–75.
9. Wang WT. The second revision of the genus Petrocosmea (Gesneriaceae).
Acta Botanica Yunnanica. 1985;7:49–68.
10. Darwin C. On the various contrivances by which British foreign orchids are
fertilized by insects. London: J. Murray; 1862.
11. Oliver D. Petrocosmea sinensis Oliv. In: Hooker J, Icon Pl. 1887;18: Pl. 1716.
12. Smith JF, Wolfram JC, Brown KD, Carroll CL, Denton DS. Tribal relationships
in the Gesneriaceae: evidence from DNA sequences of the chloroplast gene
ndhF. Ann Missouri Bot Gard. 1997;84:50–66.
13. Mayer V, Möller M, Perret M, Weber A. Phylogenetic position and generic
differentiation of Epithemateae (Gesneriaceae) inferred from plastid DNA
sequence data. Amer J Bot. 2003;90:321–9.
14. Möller M, Pfosser M, Jang CG, Mayer V, Clark A, Hollingsworth ML, et al. A
preliminary phylogeny of the ‘didymocarpoid Gesneriaceae’ based on three
molecular data sets Incongruence with available tribal classifications. Amer J
Bot. 2009;96:989–1010.
15. Wang YZ, Liang RH, Wang BH, Li JM, Qiu ZJ, Li ZY, et al. Origin and
phylogenetic relationships of the Old World Gesneriaceae with
actinomorphic flowers inferred from ITS and trnL-trnF sequences. Taxon.
2010;59:1044–52.
16. Axelrod AI, Al-Shehbaz I, Raven PH. History of modern flora of China. In:
Zhang AL, Wu SG, editors. Floristic characteristics and diversity of East Asian
plants. Beijing: Higher Education Press, Springer Verlag; 1998. p. 43–55.
17. Chapman GP, Wang YZ. The plant life of China. Berlin: Springer; 2002.
18. Song CF, Lin QB, Liang RH, Wang YZ. Expressions of ECE-CYC2 clade genes
relating to abortion of both dorsal and ventral stamens in Opithandra
(Gesneriaceae). BMC Evol Biol. 2009;9:244.
19. Yuan DX, Zhu DH, Weng JT, Zhu XW, Han XR, Wang XY, et al. Karst of China.
Beijing: Geological Publishing House; 1991.
20. Wu ZY. Vegetation of China. Beijing: Science Press; 1980.
21. Xu ZR. A study of the vegetation and floristic affinity of the limestone
forests in southern and southwestern China. Ann Missour Bot Gard.
1995;82:570–80.
22. Alcántara JM, Bastida JM, Rey PJ. Linking divergent selection on vegetative
traits to environmental variation and phenotypic diversification in the
Iberian columbines (Aquilegia). J Evol Biol. 2010;23:1218–33.
23. Dilcher D. Toward a new systhesis: major evolution trends in the
angiosperm fossil record. Proc Natl Acad Sci U S A. 2000;97:7030–6.
24. Endress PK. Symmetry in flowers: diversity and evolution. Int J Plant Sci.
1999;160:S3–23.
25. Cubas P. Floral zygomorphy, the recurring evolution of a successful trait.
Bioessays. 2004;26:1175–84.
26. Yang X, Pang HB, Liu BL, Qiu ZJ, Gao Q, Wei L, et al. Evolution of double
positive autoregulatory feedback loops in CYCLOIDEA2 clade genes is
associated with the origin of floral zygomorphy. Plant Cell. 2012;24:1834–47.
27. Specht CD, Bartlett ME. Flower evolution: the origin and subsequent
diversification of the Angiosperm flower. Annu Rev Ecol Syst. 2009;40:217–43.
28. Vamosi JC, Vamosi SM. Key innovations within a geographical context in
flowering plants: towards resolving Darwin’s abominable mystery. Ecol Lett.
2010;13:1270–9.
29. Vamosi JC, Vamosi SM. Factors influencing diversification in angiosperms: at
the crossroads of intrinsic and extrinsic traits. Amer J Bot. 2011;98:460–71.
30. Johnson SD. The pollination niche and its role in the diversification and
maintenance of the southern African flora. Phil Trans R Soc.
2010;365:499–516.
31. Schemske DW, Bradshaw HD. Pollinator preference and the evolution of
floral traits in monkeyflowers (Minulus). Proc Natl Acad Sci U S A.
1999;96(21):11910–5.
32. Zhang W, Kramer EM, Davis CC. Floral symmetry genes and the origin and
maintenance of zygomorphy in a plant pollinator mutualism. Proc Natl
Acad Sci U S A. 2010;107:6388–93.
33. Sargent RD. Floral symmetry affects speciation rates in angiosperms. Proc R
Soc Lond B. 2004;271:603–8.
34. Martén-Rodríguez S, Fenster CB, Agnarsson I, Skog LE, Zimmer EA.
Evolutionary breakdown of pollination specialization in a Caribbean plant
radiation. New Phytologist. 2010;188:403–17.
35. Cronk QCB, Möller M. Genetics of floral symmetry revealed. Trends Ecol Evol.
1997;12:85–6.
36. Harrison CJ, Möller M, Cronk QCB. Evolution and development of floral
diversity in Streptocarpus and Saintpaulia. Ann Bot. 1999;84:49–60.
37. Scotland RW, Olmstead RG, Bennett JR. Phylogeny reconstruction: the role
of morphology. Syst Biol. 2003;52:539–48.
38. Wortley AH, Scotland RW. The effect of combining molecular and
morphological data in published phylogenetic analyses. Syst Biol.
2006;55:677–85.
39. Wiens JJ. The role of morphological data in phylogeny reconstruction. Syst
Biol. 2004;53:653–61.
40. Wahlberg N, Braby MF, Brower AVZ, de Jong R, Lee MM, Nylin S. Synergistic
effects of combining morphological and molecular data in resolving the
phylogeny of butterflies and skippers. Proc R Soc B. 2005;272:1577–86.
41. Wheeler QD. Undisciplined thinking: Morphology and Henning’s unfinished
revolution. Syst Entomol. 2008;33:2–7.
42. Bybee SM, Zaspel JM, Beucke KA, Scott CH, Smith BW, Branham MA. Are
molecular data supplanting morphological data in modern phylogenetic
studies? Syst Entomol. 2010;35:2–5.
43. Wang XQ, Li ZY. The application of sequence analyse of rDNA fragment to
the systematic study of the subfamily Cyrtandroideae (Gesneriaceae). Acta
Phytotax Sin. 1998;36:97–105.
44. Rogers SO, Bendich AJ. Extraction of DNA from plant tissues. Plant Mol Biol
Manual. 1988;A6:1–10.
45. Shaw J, Lickey EB, Schilling EE, Small RL. Comparisons of whole chloroplast
genome sequences to choose noncoding regions for phylogenetic studies
in angiosperms: the tortoise and the hare III. Amer J Bot. 2007;94:275–88.
46. Johnson LA, Soltis DE. MatK DNA-sequences and phylogenetic reconstruction
in Saxifragaceae s-str. Syst Bot. 1994;19:143–56.
Qiu et al. BMC Plant Biology  (2015) 15:167 Page 18 of 19
47. Ooi K, Endo Y, Yokoyama J, Murakami N. Useful primer designs to amplify
DNA fragments of the plastid gene matK from angiosperm plants. J Jap Bot.
1995;70:328–31.
48. Sang T, Crawford DJ, Stuessy TF. Chloroplast DNA phylogeny, reticulate
evolution, and biogeography of Paeonia (Paeoniaceae). Amer J Bot.
1997;84:1120–36.
49. Tate JA, Simpson BB. Paraphyly of Tarasa (Malvaceae) and diverse origins of
the polyploid species. Syst Bot. 2003;28:723–37.
50. Bremer B, Bremer K, Heidari N, Erixon P, Olmstead RG, Anderberg AA, et al.
Phylogenies of asterids based on 3 coding and 3 non-coding chloroplast
DNA markers and the utility of non-coding DNA at higher taxonomic levels.
Mol Phylogenet Evol. 2002;24:273–301.
51. Taberlet P, Gielly L, Pautou G, Bouvet J. Universal primer for amplification of
three non-coding regions of chloroplast DNA. Plant Mol Biol. 1991;17:1105–9.
52. White TJ, Bruns T, Lee S, Taylor J. Amplification and direct sequencing of
fungal ribosomal RNA genes for phylogenetics. In: Innis M, Gelfand D,
Sninsky J, White T, editors. PCR protocols: a guide to methods and
applications. San Diego: Academic; 1990. p. 315–22.
53. Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG. The
Clustal X windows interface flexible strategies for multiple sequence
alignment aided by quality analysis tools. Nucl Acids Res. 1997;24:4876–82.
54. Hall TA. BioEdit: A user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucl Acids Symp Ser. 1999;41:95–8.
55. Swofford DL. PAUP*: Phylogenetic analysis using parsimony (and other
methods). V. 4.0 beta 10. Sunderland: Sinauer Associates; 2003.
56. Stamatakis A. RAxML version 8: a tool for phylogenetic analysis and post-
analysis of large phylegenies. Bioinformatics. 2014;30:1312–3.
57. Ronquist F, Huelsenbeck JP. MrBayes 3: Bayesian phylogenetic inference
under mixed models. Bioinformatics. 2003;19:1572–4.
58. Felsenstein J. Confidence-limits on phylogenies: an approach using the
bootstrap. Evolution. 1985;39:783–91.
59. Posada D, Crandall KA. Modeltest: testing the model of DNA substitution.
Bioinformatics. 1998;14:817–8.
60. Gascuel O. BIONJ: an improved version of the NJ algorithm based on a
simple model of sequence data. Mol Biol Evol. 1997;14:685–95.
61. Farris JS, Källersjö M, Kluge AG, Bult C. Testing significance of incongruence.
Cladistics. 1994;10:315–9.
62. Yu Y, Harris AJ, He XJ. S-DIVA (Statistical Dispersal-Vicariance Analysis): a tool
for inferring biogeographic histories. Mol Phylogen Evo. 2010;56:848–50.
63. Yu Y, Harris AJ, He XJ. RASP (Reconstruct Ancestral State in Phylogenies) 3.0.
2014, Available at http://mnh.scu.edu.cn/soft/blog/RASP.
64. Drummond AJ, Rambaut A. BEAST, version 1.4. 2006. Available from
http://beast.bio.ed.ac.uk/.
65. Nylander JAA, Olsson U, Alström P, Sanmartín I. Accounting for
phylogenetic uncertainty in biogeography: a Bayesian approach to
dispersal-vicariance analysis of the thrushes (Aves: Turdus). Syst Biol.
2008;57:257–68.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Qiu et al. BMC Plant Biology  (2015) 15:167 Page 19 of 19
